The impact of the parental origin of associated alleles in GWAS has been largely 21
are inherited from the mother or the father. To explore this possibility, we studied 21 23 quantitative phenotypes in a large Hutterite pedigree. We first identified variants with 24 significant single parent (maternal-only or paternal-only) effects, and then used a novel 25 statistical model to identify variants with opposite parental effects. Overall, we identified 26 parent of origin effects (POEs) on 11 phenotypes, most of which are risk factors for 27 cardiovascular disease. Many of the loci with POEs have features of imprinted regions 28 and many of the variants with POE are associated with the expression of nearby genes. 29
Overall, our results indicate that POEs, which are often opposite in direction, are 30 relatively common in humans, have potentially important clinical effects, and will be 31 missed in traditional GWAS. 32
INTRODUCTION

Fig. 9). The associated SNPs are in the intron of XIRP2, a cardiomyopathy associated 167
protein that is expressed in skeletal muscle and heart left ventricle, suggesting that this 168 gene could play a role in determining left ventricular mass 12, 14, 15 . In addition, the most 169 significant SNP at this region, rs17616252 (and multiple SNPs in LD) is a strong eQTL (P 170 = 1.8x10 -13 ) for the gene XIRP2 in skeletal muscle, XIRP2-AS1 in testis, and B3GALT1 171 in transformed fibroblast cells 12 . Four variants in a region on chromosome 1 in a 172 microRNA gene, MIR548F3, were associated with opposite POEs on triglyceride levels 173 (Supplementary Fig. 10 ). The expression of MIR548F3 has not been characterized. SNP 174 rs7033776 near MELK (27kb, downstream) on chromosome 9 was associated with 175 opposite effects on total cholesterol ( Supplementary Fig. 11 ). MELK is expressed in the 176 colon and esophagus in addition to transformed lymphocytes and fibroblasts 12 . 177
Nine linked variants on chromosome 1 were associated with opposite POEs of 178 blood eosinophil count (Supplementary Fig. 12 ). These variants are near the gene 179 IGSF21 (27kb, downstream) which is a member of the immunoglobulin superfamily and 180 likely acts as a receptor in immune response pathways 16 . A variant on chromosome 3, 181 rs12714812, was associated with opposite POEs for FEV 1 (Supplementary Fig. 13 ). This 182 variant has been shown to regulate the expression of a gene CNTN3 (45kb, upstream) in 183 heart and brain 12 . Studies in mice have suggested that this gene is imprinted and 184 maternally expressed in the murine placenta 17 . Variant rs142030841 in the intron of the 185 gene TPGS2 on chromosome 18 has opposite POEs with neutrophil levels 186 (Supplementary Fig. 14) . This SNP is an expression quantitative trait locus (eQTL) for 187 the noncoding RNA gene RP11-95O2.5 in skin, testis, breast, thyroid and adipose tissue,for CELF4 in tibial nerve and lung, and for TPGS2 in tibial artery and transformed 189 fibroblast cells 12 . 190
Parent of Origin Effects on Gene Expression 191
To determine if any of the associated variants also showed POEs on gene expression in 192 the Hutterites, we used RNA-seq gene expression data from lymphoblastoid cell lines 193 (LCLs) collected from 430 of the individuals in the GWAS sample. We first tested for 194 association of maternal and paternal variants with genes detected as expressed in the 195
LCLs and whose transcript start site was within 1Mb of each associated SNP. There 196 were no significant associations after multiple testing correction, similar to a previous 197 study 6 . However, because we considered this to be exploratory analyses, we show 198 results for the five most significant parent of origin eQTLs (Table 3) . We next used the 199 opposite effect model for each SNP in Table 2 and expression of all genes that were 200 detected as expressed in LCLs and whose transcript start site was within 1Mb of the 201 associated SNP. This resulted in 57 tests (1 SNP for each of 8 phenotypes, and 57 202 genes). The five most significant opposite effect eQTLs, none of which passed the 203 Bonferroni threshold of 8.77 x 10 -4 , are shown in Table 4 . The most significant opposite 204 effect eQTL was for POLR1E expression with the SNP on chromosome 9 (rs7033776) 205 that was associated with total cholesterol (opposite effect eQTL P = 9.86 x 10 -4 ) 206 (Supplementary Fig. 15 ). POLR1E is involved in the purine metabolism pathway as 207 well as DNA-directed polymerase activity. The same SNP, rs7033776, had modest 208 opposite effects with the expression of three other genes in the region (PAX5, FBXO10, 209
and FRMPD1), a signature consistent with an imprinted region. Another SNP withopposite POEs on LVMI, rs16853098, was an opposite effect eQTL for STK39, a gene 211 that has been previously associated with hypertension 18 . 212
DISCUSSION 213
In this study, we introduced a novel statistical method that allows assessment of standard 214 GWAS signals along with measures of differential POEs on common quantitative 215 phenotypes. Similar to previous parent of origin studies of fewer phenotypes, we tested 216 for associations of maternally-or paternally-derived alleles with each phenotype. We then 217 extended this method to identify variants for which maternally-and paternally-derived 218 alleles have different, including opposite, effects on phenotypic values. The focus on 21 219 common disease-associated phenotypes in a single large pedigree allowed us to broadly 220 survey physiological effects of putative imprinted regions and the candidate genes at each 221 associated locus. In contrast to previous studies, our new model can identify variants with 222 opposite POEs that would be missed in traditional GWAS ( Table 2) . 223
Our studies of >1,000 Hutterites who are related to each other in a single pedigree 224 allowed us to detect POEs, even when few genome-wide significant associations were 225 detected in standard GWAS of the same phenotypes. Our method revealed parent of 226 origin specific genome-wide significant associations for seven of the 21 phenotypes 227 examined, with maternally-inherited alleles associated with four phenotypes, paternally-228 inherited alleles with three phenotypes (Table 1) , and opposite parent of origin alleles 229 with nine phenotypes, of which five also showed single POEs at different loci ( Table 2) . 230
Overall, 11 of the 21 phenotypes examined showed genome-wide significant evidence of 231
POEs with alleles at one or more loci. In contrast, standard GWAS of these same 232 phenotypes and using the same markers in these same individuals revealed genome-233 wide significant association for only five traits. LCLs from the Hutterites is generally supportive of the suggestion that some of the regions 267 identified in this study are imprinted in humans. Additionally, our data suggest that loci 268 with POEs influence a broad spectrum of quantitative phenotypes that are themselves 269 risk factors for common diseases. 270
In particular, the discovery of POEs for eight traits that are associated 271 cardiovascular disease risk is intriguing. These include metabolic phenotypes, such as 272 BMI, total cholesterol, triglycerides, LDL, and age of menarche, that have indirect effects 273 on cardiac health, as well as LVMI and CIMT, which more directly reflect cardiac health. 274
Some of these phenotypes showed associations with paternally inherited alleles only 275 (systolic blood pressure, LDL-C, total cholesterol), maternally inherited alleles only (LVMI, 276 CIMT, and age at menarche), and/or with opposite effect variants (BMI, LDL-C, 277 triglycerides, total cholesterol, LVMI, age at menarche). It has been suggested that 278 genomic imprinting evolved in the mammalian lineage as a way to regulate maternally 279 and paternally expressed genes in the placenta during pregnancy and modulate 280 metabolic functions related to growth, where the parental interests may be in conflict -281 paternal alleles favoring growth of the fetus at the expense of the mother while maternal 282 alleles favor restricting resources to the fetus to ensure preservation of her nutritional 283 needs 3,19,22 . Our data show some effects that are consistent with this theory. For example, 284 three independent paternally inherited alleles on chromosome 1 are associated with 285 increased LDL-C (Fig. 2) and total cholesterol ( Supplementary Fig. 7) ; a paternal allele 286 on chromosome 13 is also associated with increased systolic blood pressure 287 (Supplementary Fig. 6 ). However, it is not always possible to interpret our results in light 288 of this model, such as the association of maternal allele on chromosome 2 with decreased 289
CIMT (Supplementary Fig. 3 ), or the maternal allele on chromosome 16 associated with 290 decreased age of menarche (Fig. 1) , which confers increased cardiovascular risk 23 . 291
However, because many of the traits associated with POEs in this study were measured 292 in adults, and none were measured in neonates, we are likely observing the downstream 293 effects of processes that occurred in utero. Nonetheless, this kinship theory, or parent-294 conflict hypothesis, could account for the enrichment of parent of origin associations, 295 particularly those with opposite effects, among metabolic and CVD-associated traits 1 . 296
Finally, we note that the parent of origin GWAS for 21 phenotypes in the Hutterites 297 revealed overall twice as many genome-wide significant loci compared to standard 298 GWAS of the same phenotypes in the same individuals, suggesting that variation at 299 imprinted loci may represent some of the "missing heritability" of these phenotypes and 300 potentially for the disease for which they confer risk. This idea is consistent with 301 observations in mice showing that POEs contribute disproportionally to the heritability of 302 97 traits, including those related to total cholesterol, weight, HDL, and triglycerides 24 . 303
Exactly how much loci with POEs in humans contribute to phenotypic variation and 304 disease risk overall remains to be determined, but our study provides compelling 305 evidence that it is likely to be significant for many important traits. 306
SUBJECTS AND METHODS: 307
Sample Composition 308
The individuals in this study have participated in one or more of our studies on the 309 genetics of complex traits in the Hutterites [25] [26] [27] . The more than 1,500 Hutterites in our 310 study are related to each other in a 13-generation pedigree including 3,671 individuals. 311
Genotype Data 312
Variants detected in the whole genome sequences of 98 Hutterites were previously 313 imputed to an additional 1,317 individuals using PRIMAL, a high-accuracy pedigree 314 based imputation method 28 . PRIMAL was used to phase alleles and assign parent of 315 origin for 83% of about 12 million autosomal SNPs. For these studies, we selected SNPs 316 that had a MAF >1% and genotype call rate > 85%. This yielded 5,891,982 autosomal 317 Table 1) . 319
SNPs. Parent of origin allele call rates differed among individuals and between 318 phenotypes (Supplementary
Phenotype Data 320
We included 21 quantitative phenotypes that were previously measured in the Hutterites. 321
Descriptions for each phenotype, as well as exclusion criteria, transformations, and 322 covariates used with each phenotype in the GWAS, are available in the Supplementary 323 Table 1 ). Descriptions for 18 of the 21 phenotypes can be 324 found in Cusanovich et al. 25 The remaining three are described here. Height was 325 measured in cm on a stadiometer with shoes removed. BMI was calculated using weight 326 (kg, measured on scale) divided by height (m) squared. Age at menarche was collected 327 retrospectively by interview. 328
Methods (Supplementary
GWAS.
We used a linear mixed model as implemented in GEMMA to test for genome wide 330 association with 21 phenotypes using an additive model. We corrected for relatedness, 331 as well as relevant covariates (Supplementary Table 1) . 332
Maternal and Paternal GWAS. 333
To evaluated the evidence for POEs, we tested maternal and paternal alleles separately 334 with each phenotype, comparing phenotypic differences between the maternally inherited 335 alleles and between the paternally inherited alleles. We used a linear mixed model as 336 implemented in GEMMA, which allows us to correct for relatedness as a random effect, 337 as well as sex, age, and other covariates as fixed effects 29 . The linear mixed model for 338 the parent of origin GWAS for testing maternal alleles and paternal alleles is shown in 339 : where is the genetic relatedness matrix; 347 is a vector of non-genetic effects with ~ (0, = : ). 348
Differential Effect GWAS (PO-GWAS). 349
To test for a difference in the same allele inherited from each parent, including opposite 350 effects, we re-parameterized the test model (Equation 3) from Garg et al. the average parental effect size that is captured in normal GWAS using genotypes. The 364 average genotypes are added in as a covariate, with the average parental effect size the 365 corresponding covariate coefficient. This differential effect GWAS was tested in GEMMA 366 using BIMBAM format to use average genotype values 30 . 367
Parent of Origin eQTL Studies 368
RNA-seq data from LCLs were available from a previous study in the Hutterites 25 . For this 369 study, sequencing reads were reprocessed as follows. Reads were trimmed for adaptors 370 using Cutadapt (with reads <5 bp discarded) then remapped to hg19 using STAR indexed 371 with gencode version 19 gene annotations 31, 32 . To remove mapping bias, reads were 372 processed using WASP mapping pipeline 33 . Gene counts were collected using HTSeq-373 count 34 . VerifyBamID was used to identify sample swaps to include individuals that were 374 previously excluded 35 . Genes mapping to the X and Y chromosome were removed; genes 375 with a Counts Per Million (CPM) value of 1 (expressed with less than 20 counts in the 376 sample with lowest sequencing depth) were also removed. Limma was used to normalize 377 and convert counts to log transformed CPM values 36 . Technical covariates that showed 378 a significant association with any of the top principal components were regressed out 379 (RNA Integrity Number and RNA concentration). 380
Maternal and Paternal Parent of Origin eQTL 381
LCL RNA-seq data was used to test the single parent model for the most significant SNP 382 from the maternal or paternal only GWAS for each phenotype. We selected all genes 383 detected as expressed in the LCLs and residing within 1Mb of each most significant 384 associated SNP. Summary of the SNPs and genes tested are in Supplementary Table  385 3. 386
Differential Parent of Origin eQTL 387
LCL RNA-seq data was used to test the opposite effect model for the most significant 388 SNP in each region that was associated with a phenotype in the parent of origin opposite 389 effects GWAS. We selected all genes detected as expressed in the LCLs and residing 390 within 1Mb of each associated SNP. Summary of the SNPs and genes tested are in 391 
Supplementary
